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SCANNING TEMPORAL ULTRAFAST BELAY 
METHODS AN© APPARATUSES THEREFOR 



BACKGROUND OF THE INVENTION 

1: Field off the Imvemitnoiii 

This invention is related to the field of ultra-short pulsewidth lasers, and 
particularly to apparatuses and methods for performing temporal scanning with 
minimal (i.e., micron-scale) mechanical movement. The invention also relates 
to methods used for obtaining high-accuracy (i.e., sub-picosecond) timing 
calibration, applicable to the above-mentioned temporal scanning methods or to 
conventional temporal scanning methods. In particular, the invention eliminates 
the need for a mechanical scanning delay arm in a correlator or other type of 
pump-probe device, including ranging, 3-D imaging, contouring, tomography, 
and optical time-domain reflectometry (OTDR). 



2. Description! off the Related Art 

Ultrafast laser oscillators are presently known which are capable of 
generating pulsewidths of the order of tens of femtoseconds with nanojoule-level 
pulse energies, at repetition rates ranging from 5 MHz to as high as 1 GHz. 
Such short pulses are used for many applications including measurements by time 
gating, including metrology. Many applications of such short optical pulses 
require that one set of optical pulses be delayed with respect to another set of 
optical pulses, in which temporal delays must be known to a very high accuracy, 
such as on the order X)f 10 femtoseconds. Temporal delays for short pulses find 
many uses in such applications as biological and medical imaging, fast 



photodetection and optical sampling, optical time domain reflectometers, and 
metrology. 

The conventional method for delaying and scanning optical pulses is to 
reflect the pulses from a mirror and to physically move the mirror, using some 
mechanical means, by a distance D, which is defined by the product of the time 
delay, AT, and the speed of light in vacuum c = 3.0xl(? meters/sec. Thus: 

D = c/2 x AT or D (cm) = 15 x AT (nsec). 

This type of delay will be termed here a physical delay. Also, scanning, as that 
term is used here, refers to the systematic changing of the difference in time of 
arrival between two optical pulses. Various methods and devices have been 
developed to provide the accurate positioning and scanning of the mirror, 
involving: 

Voice-coil type devices (shakers) (R. F. Fork Nd F. A. Beisser, 
APPL Opt. 17, 3534 (1978)). 

Rotating mirror pairs (Z. A. Yasa and N. M. Amer, Opt. Comm., 
36, 406 (1981)). 

Linear translators employing stepper motors, which are 

commercially available from many vendors. 

Linear translators employing galvanometers. (D. C. Edelstein, R. 

B. Romney, and M. Scheuermann, Rev. Sci, Instrum. 62, 579 

(1990)). 

Other types of physical delays use adjustable group delay including: 

Femtosecond pulse shapers (FPS) employing scanning 
galvanometers (K. F. Kwong, D. Yankelevich, K. C. Chu, J. P. 
Heritage, and A. Dienes; "400-Hz mechanical scanning optical 



delay line" Opt. Lett. 18, (7) 558 (1993) (hereinafter Kwong et 
al.); K. C. Chu, K. Liu, J. P. Heritage, A. Dienes, Conference on 
Lasers and Electro-Optics, OSA Tech.Digest Series, Vol. 8, 1994, 
paper CThI23.). 
Rotating glass blocks. 
The physical delay methods suffer from a number of disadvantages, the 
chief one being the large space required if large delays are desired. For example, 
a delay of 10 nsec requires a mirror displacement of 5 feet. There are other 
physical limitations and disadvantages as well. Misalignment and defocusing can 
distort measurements when large delays are used. Using corner-cube 
retroreflectors reduces the problem of misalignment, but not defocusing. The 
defocusing effect can occur when the scan amplitude is an appreciable fraction of 
the confocal parameter of the beam. A time delay of 10 nsec entails a change in 
free-space propagation of 10 feet ( - 3 meters). Thus, to minimize the effects of 
defocusing, the confocal parameter (Z R ) must be approximately 10-times this 
number or Z R = 30 meters. At a wavelength of 1550 nm, this requires a beam 
radius of w 0 = 12 mm. This is unpractically large for many situations. 

The need for large mirror displacement can be reduced by multi-passing 
the delay line (e.g., double-passing the delay line cuts the required mirror 
displacement in half), however, this does not alleviate the defocusing problem. 
Multipassing causes its own set of problems in that alignment procedures are 
more complicated, and the optical losses are increased. 

Yet another limitation has to do with the scanning rates and scanning 
frequencies which can be achieved simultaneously. It is often desirable to signal 
average while scanning rapidly (> 30 Hz) in order to provide "real-time" 
displays of the measurement in progress. However, the scanning range is limited 
at such high scan frequencies. The best achieved scan range is 100 psec at a rate 



of 100 Hz using the scanning FPS method (Kwong et al.). Any further increase 
of the scanning range and/or frequency with such reciprocating devices would 
cause high levels of vibration, which can be disruptive to laser operation. 
Rotating glass blocks avert the vibration problem, and are capable of higher scan 
speed, but lack any adjustability of scan range, and they introduce variable group 
velocity dispersion which makes them inappropriate for use with pulses having 
widths shorter than 100 fsec. 

In addition to the physical delays, methods have been introduced which 
provide temporal scanning without the need for any mechanical motion. These 
include: 

Free-scanning lasers (A. Black, R. B. Apte, and D. M. Bloom, 
Rev. Sci, Instrum. 63, 3191 (1992); K. S. Giboney, S. T. Allen, 
M. J. W. Redwell, and J. E. Bowers; "Picosecond Measurements 
by Free-Running Electro-Optic Sampling." IEEE Photon. Tech. 
Lett., 6, pp. 1353-5, Nov. 1994; J. D. Kafka, J. W. Pieterse, and 
M. L. Watts; "Two-color subpicosecond optical sampling 
technique." Opt. Lett., 17, pp. 1286-9, Sept. 15, 1992 
(hereinafter Kafka et al.); M. H. Ober, G. Sucha, and M. E. 
Fermann; "Controllable dual-wavelength operation of a 
femtosecond neodymium fiber laser," Opt. Lett. 20, pp. 195-7, 
Jan. 15, 1995). 

Stepped mirror delay lines employing acousto-optic deflectors as 
the dispersive elements (R. Payaket, S. Hunter, J. E. Ford, S 
Esener; "Programmable ultrashort optical pulse delay using an 
acousto-optic deflector." Appl. Opt., 34, no. 8, pp. 1445-1453, 
Mar. 10, 1995). 



Slewing of RF phase between two modelocked lasers (D. E. 
Spence, W. E. Sleat, J. M. Evans, W. Sibbett, and J. D. Kafka; 
"Time synchronization measurements between two self-modelocked 
Ti:sapphire lasers." Opt. Comm., 101, pp. 286-296, Aug. 15, 
1993). 

The non-mechanical methods, in particular, are capable of high speed 
scanning. The free-scanning lasers produce a scan range which spans the entire 
repetition period of the laser. For example, a known free-scanning laser system 
is shown in FIG. 1, which includes a master laser 10 and a slave laser 20 having 
different cavity lengths which produce pulse trains at different repetition 
frequencies v x and v 2 . The scan frequency is equal to the frequency difference Av 
= v r v 2 , and is set at the desired value by adjusting the cavity length of the slave 
laser to a specific fixed length. A correlator 40 produces a signal from the cross- 
correlation between the two lasers which gives information about the timing 
between the two lasers, and provides triggering signal to data acquisition 
electronics 50. For example, in Kafka et al. two independent, mode-locked 
Ti: sapphire lasers, namely, master laser 10 and slave laser 20 each with a 
nominal repetition rate of 80 MHz, were set to have different repetition 
frequencies (by about 80 Hz). Due to the offset in repetition frequency, the 
lasers scanned through each other at an offset frequency Av of approximately 100 
kHz. This offset frequency can be stabilized to a local RF oscillator. Since the 
laser repetition rates were near 80 MHz, the total scan range was about 13 nsec. 
Thus, time scanning was achieved without employing any moving mechanical 
delay lines. Timing calibration was achieved by cross-correlating the two laser 
beams, reflected off of a mirror 30, in a nonlinear crystal, i.e., correlator 40, the 
resulting signal being used to trigger data acquisition unit 50 (e.g. an 
oscilloscope). The laser beams output from lasers 10 and 20 are also reflected 



off another mirror 60 and received by a measurement apparatus 70 which 
performs a desired measurement or experiment using the laser beams. 

The chief drawback to this technique is that it is highly wasteful of data 
acquisition time for two main reasons: 

1. Fixed scan range - The scan range is fixed at the inverse of the 
repetition frequency (i.e., the round trip time) of the laser. 

2. Dead time — One is often interested in only a 100 psec, or 10 psec 
scan range instead of the full 13 nsec pulse spacing. Thus, only 
1% (or 0.1%) of the 10 /xsec scan time is useful, while the 
remaining 99% (99.9%) is "dead-time." This increases data 
acquisition time by a factor of 100 or 1000. 

Kafka et al. address these limitations and suggest that this can be partially 
circumvented by using lasers with higher repetition rates, (e.g., v 0 = 1 GHz). 
However, this solution is unacceptable for many applications which require a 
large variety of scan ranges. For example, pump-probe measurements of 
semiconductors are frequently conducted over a large variety of time ranges. 
Lifetimes of carriers (i.e., electrons and holes) of the semiconductor are on the 
order of several nanoseconds which makes a 1 GHz laser completely 
unacceptable, since residual carriers from the previous laser pulse would still be 
present when the next pulse arrives. Yet at the same time, it is often desirable 
to zoom-in on a much narro v/er time scale (e.g., 50 psec) to look at extremely 
fast dynamics. Thus, the free-scanning laser technique lacks the versatility of 
scan range selection which is required in many applications. The way to get a 
large temporal dynamic range without having extremely long acquisition times is 
to have the flexibility of a coarse and fine timing adjustment. 

In related work, several methods have been used to stabilize the timing 
between two modelocked lasers, in cases where the lasers were actively mode 
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locked, passively modelocked, and regeneratively modelocked, or with 
combinations of passively and actively mode-locked lasers. The methods used for 
synchronization can be divided into two main types: (1) passive optical methods; 
(2) electronic stabilization. The highest synchronization accuracy is achieved by 
passive optical methods in which the two lasers interact via optical effects (J. M. 
Evans, D. E. Spence, D. Burns, and W. Sibbett; "Dual- wavelength seifmode- 
locked Tiisapphire lasers." Opt. Lett, 13, pp. 1074-7, Jul. 1, 1993; M. R. X. 
de Barros and P. C. Becker; "Two-color synchronously mode-locked femtosecond 
Tiisapphire laser." Opt. Lett., 18, pp. 631-3, Apr. 15, 1993; D. R. Dykaar, and 
S. B. Darak, "Sticky pulses: two-color cross-mode-locked femtosecond operation 
of a single Ti:sapphire laser," Opt. Lett., 18, pp. 634-7, Apr. 15, 1993 
(hereinafter Dykaar et al.); Z. Zhang and T. Yagi, "Dual- wavelength 
synchronous operation of a mode-locked Ti: sapphire laser based on self-spectrum 
splitting." Opt. Lett., 18, pp. 2126-8, Dec. 15, 1993). These optical effects, 
(e.g., cross-phase modulation) cause a rigid locking effect between the two lasers 
which become synchronized to within less than one pulse width (< 100 fsec). 
Although these give the most accurate synchronization, the time delay between 
the lasers is rigidly fixed; so that in order to scan the time delay between them, 
one must use the conventional physical scanning delay methods. 

Electronic stabilization using simple RF phase detection gives the most 
flexibility in terms of adjusting the relative time delay, but at the present time 
these systems can maintain timing accuracy of no better than a few picoseconds 
( ~ 3 psec). Such a system is commercially available for stabilizing a Ti: sapphire 
laser to an external frequency reference, or for synchronizing two mode-locked 
Ti:sapphire lasers. (Spectra Physics Lok-to-Clock™ system). Stabilization of 
better than 100 fsec has been achieved by use of a pulsed optical phase locked 
loop (POPLL). This is a hybrid opto-electronic method, as disclosed in S. P. 



Dijaili, J. S. Smith, and A. Dienes, "Timing synchronization of a passively 
mode-locked dye laser using a pulsed optical phase locked loop." Appl Phys. 
Lett., 55, pp. 418-420, Jul. 1989 (hereinafter Dijaili et al.), in which the 
electronic stabilizer circuit derives the timing error signal from an optical 
cross-correlator. However, this method suffers from the same lack of timing 
adjustability as the passive optical methods. The timing can only be adjusted by 
less than one pulse width. Thus, using the POPLL method, it would be necessary 
to insert some sort of physical delay line into one laser beam if it were desired 
to change the relative pulse timing by anything more than one pulsewidth. 

The performance of timing stabilization by RF methods could improve if 
the intrinsic timing jitter of the laser can be reduced. Some reduction of intrinsic 
laser jitter can be achieved by insuring that the two lasers are exposed to identical 
environmental conditions as much as possible. The Sticky-Pulse laser, which is 
disclosed by Dykaar et al., employs a spatially split pump laser beam to pump 
two spatially separate regions of a Ti:sapphire laser crystal. This is essentially 
two separate lasers which share the same pump laser, laser crystal, air space, and 
most other intracavity elements except for the two end mirrors. In this way, the 
two lasers experience the same thermal fluctuations, pump laser noise, and 
turbulence, thus minimizing the difference in repetition rate jitter. This allows 
even a weak optical interaction between the two lasers to lock the pulses together. 
This general principle of "environmental coupling" can be applied to other types 
of lasers including mode-locked fiber lasers. However, it should be noted the 
object of Dykarr et al. is to lock the two lasers together, which is undesirable for 
the purposes of the present invention, because then the time delay cannot be 
scanned; i.e., the timing of the pulses from the two coupled lasers of the Sticky- 
Pulse laser discussed above, are locked together through the optical coupling and 
they cannot be independently controlled. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a method and apparatus 
for rapidly scanning the time delay between two modelocked lasers, e.g., 
"master" and "slave" lasers, without the need for large mechanical movements 
of optical elements, which would allow scanning of any selected, contiguous 
subinterval of the pulse repetition period T R . This is accomplished by making 
appropriate adjustments, on the order of microns, to the cavity length of one laser 
(e.g., the slave laser), while using an electronic feedback circuit to continually 
monitor the average timing (phase) between the two lasers. Additionally, it is 
desired to modify the RF stabilization of the two lasers in such a way that, unlike 
the free-scanning laser method, the relative time delay can be scanned over some 
sub-interval of the repetition period, thus greatly improving the duty cycle of data 
acquisition. 

It is another object of the present invention to minimize the timing jitter 
caused by fluctuations in environmental conditions, such as vibration, air 
turbulence, and varying temperature. This is accomplished by constructing both 
lasers with identical elements within the same enclosure, and pumping them with 
the same pump laser, yet allowing them to be independently controlled. In 
particular, in the case of fiber lasers, it can be accomplished by co-wrapping the 
fibers together on the same spool. 

It is yet another object of the present invention to provide methods for 
calibrating the scanning time scale with subpicosecond accuracy, to be used 
during and in conjunction with the scanning method mentioned above. For 
example, the present invention can be used to cross-correlate the pulses from one 
laser (e.g., a master laser) with pulse sequences obtained by passing pulses from 



the other laser (e.g. a slave laser) through a series of partially reflective optical 
elements. 

BRIEF D ESCRIPTION OF THE DRAWINGS * 

The above and other objects and advantages of the invention will becomes 
more apparent and more readily appreciated from the following detailed 
description of the presently preferred embodiments of the invention taken in 
conjunction with the accompanying drawings, of which: 

FIG. 1 shows a known free-scanning laser system; 

FIGS. 2(A) amid (B) show a fast scanning laser system according to the 
present invention, in which the cavity length of one or both of the master and 
slave lasers is controlled; 

FIGS. 3(A) amid (B) show time delay T D (t) and waveforms applied to the 
PZT in the laser cavity; 

FIG. 4 shows a twin fiber laser system according to the present invention, 
having two identical mode-locked fibers lasers which use nonlinear polarization 
evolution as the mode-locking mechanism, in which fibers of both lasers are 
co- wrapped on the same spool; 

FIGS. 5(A) amid (B) show a plot of a cross-correlation signal between two 
fiber lasers scanned by the dithering method of the present invention, shown in 
FIG. 4, the sinusoidal voltage applied to the PZT, and the square wave trigger- 
out of the signal generator; 

FIG. 5(C) shows a plot of timing jitter data; 

FIGS. 6(A) amid (B) show a high-finesse Fabry-Perot etalon producing 
pulse trains; 
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FIGS. 7(A)-(D) show plots of two full scan cycles including the 
cross-correlation signals between a single laser pulse and the pulse train 
transmitted through an air-spaced FP etalon; 

FIGS. 8(A) and (B) show a pulse train generator consisting of a series of 
photorefractively-grown chirped fiber gratings; 

FIG. 9 is a detailed schematic diagram of a laser stabilization and 
dithering system; 

FIG. 10 is a schematic diagram of a measurement system employing the 
fast scanning lasers and the timing calibration method according to the present 
invention; 

FIGS. 11(A) amid (B) show metrology systems which employ a fast 
scanning laser system according to the present invention; 

FIG. 12 shows a femtosecond OTDR system employing a fast scanning 
laser system and timing calibration method according to the present invention; and 

FIG. 13 shows an electro-optic sampling oscilloscope employing a fast 
scanning laser system and timing calibration method according to the present 
invention. 

nrcTAIT JE D DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The embodiments of the present invention are described below in more 
detail with reference to the above drawings, in which like reference numerals 
refer to the same or similar elements. 

Principle of Fast ScaumimiEg Method 

The present invention, like the free-scanning laser system, consists of two 
lasers, a master laser 110 and a slave laser 120, which have nearly identical 
repetition rates as shown, for example, in FIG. 2(A). However, unlike the 
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free-scanning laser system, pulses output from the master and slave lasers are not 
allowed to totally scan through each other. Rather, while master laser 110, which 
has a wavelength XI, is held at a constant repetition rate v { or is allowed to drift 
of its own accord, the repetition frequency v 2 of slave laser 120 is dithered about 
the repetition rate of master laser 110. This dithering of the repetition rate is 
accomplished by changing the cavity length (Lj) of slave laser 120 at a "high" 
frequency, for example, in the range of 30 Hz to 1 kHz, while its average 
repetition rate is slaved, or controlled, to that of master laser 110 by a stabilizer 
unit 130 which includes a "slow" phase locked loop (PLL) circuit whose 
bandwidth is less than the scan frequency. The average timing delay between the 
master and slave lasers is held constant by stabilizer unit 130 which controls the 
cavity length of slave laser 120. Meanwhile, a fast dithering signal output from 
a signal generator 140 is summed with the control voltage output from stabilizer 
unit 130 to scan the instantaneous delay between the lasers. The slaving and 
dithering of the repetition frequency can be implemented by mounting an end 
mirror of slave laser 120 on a piezoelectric transducer (PZT) 121 and applying 
the requisite voltage signal from a frequency signal generator 140. It is required 
that the PLL circuit bandwidth be less than the dithering frequency; otherwise, 
it will try to track the master laser and counteract the cavity length scanning. 

FIG. 2(B) shows another embodiment in which master laser 110 includes 
a PZT 111, and both the master and slave lasers 110 and 120 have mirrors 
controlled by PZTs 111 and 121. In this case, master laser 110 is dithered at the 
scan frequency while slave laser 120 tracks the average repetition rate of master 
laser 110. The cavity length of master laser 110 is dithered rapidly by signal 
generator 140 while the stabilizer locks slave laser 120 to the desired average 
time delay. 
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Again, it is necessary for the dithering frequency to exceed the bandwidth 
of the PLL circuit in order that the PLL not counteract the time scanning. 

As an example of how the cavity length scanning operates, a square wave 
is applied to slave laser PZT 121 at a scanning frequency of f s . Then the cavity 
length mismatch is a rapidly varying function of time: 

AL(t) = ALo • Sqffjt) Eq. 1 

where ALq is the amplitude of the square wave displacement, and Sq(x) is the 
square wave function. This would give positive and negative linear scanning 
delays for one half of the scan cycle (a triangle wave). In the time stationary 
case, a constant cavity length mismatch of AL produces an offset frequency of: 

a cAI 
Av=- 

2L 2 

Eq. 2a 

which can be rewritten as 

Av = AL 
v L 

Eq. 2b. 

However, in the fast scanning method, the cavity length is dithered at a frequency 
high enough so that the pulses never have a chance to completely walk through 
each other. That is, the scan frequency and amplitude satisfy the condition 

or Eq. 3 
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fs > >— 

2L 2 

In this case, the time-varying time delay TJt) would be proportional to the time 
integral of the cavity length mismatch: 



or Eq. 4 



where c is the speed of light in vacuum, and the period of integration is on the 
order of one scan cycle. FIG. 3(A) shows an instance of square- wave 
modulation, in which a 1 kHz square wave is applied to the PZT in one of the 
lasers. The waveforms shown in FIG. 3 show a time-dependent cavity length 
mismatch, AL(t), and the resulting instantaneous time delay, T D (t), as a function 
of time when various dithering waveforms are applied to the PZT in the slave 
laser. The instantaneous repetition-rate v 2 dithers around v lf and the relative time 
delay scans back and forth linearly in time. The total scan range is dependent on 
the base repetition rate v { the scan frequency and the scan amplitude AL, 
according to the equations: 

2Lf s 

Eq. 5a 

or, in terms of the offset frequency: 
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Eq. 5b. 

The scan rate, in units of (msec/msec) is given by: 

tf_=2ALv/c 



R = 

scan ^ 



or Eq. 6a 

AL 



or, in more convenient laboratory units: 

R **n= l( P^r (psec/msec) 



Eq. 6b. 

The "sampling grid" is given by the temporal pulse advance per round trip: 

6^=2AI/c 

Eq. 7. 

A scanning velocity parameter can be defined, which is the amount of spatial 
pulse advance per second. This is given by 



v frt , 2AL(r) _AL(Q, 



C 



Eq. 8. 

Note that these concepts of scan rate, sampling grid, and scan velocity apply 
equally well to free-scanning lasers. 
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As an example, a pair of lasers with a nominal cavity length of L=1.5 
meters gives v, = 100 MHz. If a scan amplitude of AL=15 fim is assumed, an 
offset frequency of Av=l kHz, a scan rate of = 10 4 psec/msec, and a 
sampling grid of 6t g = 100 fsec result. Full pulse walkoff occurs in 1 msec if the 
cavity length is not dithered. Thus, a scan frequency of f s > 1 kHz is required 
to prevent total walkoff if a 15 /xm scan amplitude is used. 

Tables 1, 2, and 3 show some possible scan ranges, scan rates, and 
sampling grid intervals as a function of various scan parameters, for modelocked 
lasers with repetition rates v of 10 MHz, 100 MHz, and 1 GHz. It can be seen 
from Table 3 that for a 1 GHz laser, most practical scan conditions produce total 
walkoff, hence, the time delay cannot exceed 1 nsec. Thus, for lasers with 
repetition rates under 1 GHz, the dithering method of the present invention is 
preferable to the free-scanning laser methods. 
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Table 1. Scam Parameters for a 10 MHz Laser (L=1S m). 



Scan Freq. 
f, (Hz) 


ALo 

■ ■ ■ TJ 

0*m) 


Offset Freq. 
Av (Hz) 


Scan rate 
(psec/msec) 


Grid 
(fsec) 


ScanVel. 
(m/sec) 


Scan range 
(psec) 


10 


0.15 


1 


10 


1 


3 


50 


10 


1.50 


10 


100 


10 


30 


500 


10 


15.00 


100 


1000 


100 


300 


5000 


100 


0.15 


1 


10 


1 


3 


5 


100 


1.50 


10 


100 


10 


30 


50 


100 


15.00 


100 


1000 


100 


300 


500 


1000 


0.15 


1 


10 


1 


3 


0.5 


1000 


1.50 


10 


100 


10 


30 


5 


1000 


15.00 


100 


1000 


100 


300 


50 



Table 2. Scan Parameters for a 100 Mhz Laser (L=1.5 m). 



Scan Freq. 
f s (kHz) 


ALo 
(fim) 


Offset Freq. 
Av (Hz) 


Scan rate 
- (psec/msec) 


Grid 
(fsec) 


ScanVel. 
(m/sec) 


Scan range 
(psec) 


0.1 


0.15 


10 


100 


1 


30 


500 


! o.i 


1.50 


100 


1000 


10 


300 


5000 


1.0 


0.15 


10 


100 


1 


30 


, 50 ! 


1.0 


1.50 


100 


1000 


10 


300 


500 


1.0 


15.00 


1000 


10,000 


100 


3000 


5000 


| 10.0 


0.15 


10 


100 


1 


30 


5 


10.0 


1.50 


100 


1000 


10 


300 


50 


10.0 


15.00 


1000 


10,000 


100 


3000 


500 


100.0 


1.50 


100 


1000 


10 


300 


5 


100.0 


15.00 


1000 


10,000 


100 


3000 


50 



Table 3. Scan Parameters for a lGhz Laser (L=.15 m) 
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Scan Freq. 


ALo 


Offset Freq. 


Scan rate 


Grid 


ScanVel. 


Scan 


f, (kHz) 


(ftm) 


Av (Hz) 


(psec/msec) 


(fsec) 


(m/sec) 


range 














(psec) 


0.1 


0.15 


1 


1000 


1 


300 


* 


0.1 


1.50 


10 


10,000 


10 


3000 


* 


1 


0.15 


1 


1000 


1 


300 


500 


! i 


1.50 


10 


10,000 


10 


3000 


* ■ 


i 


15.00 


100 


100,000 


100 


30,000 


* 


10 


0.15 


1 


1000 


1 


300 


* ; 


10 


1.50 


10 


10,000 


10 


3000 


500 


10 


15.00 


100 


. 100,000 


100 


30,000 


* 


I 100 


0.15 


1 ' 


1000 


1 


300 


5 


100 


1.50 


10 


10,000 


10 


3000 


50 


100 


15.00 


100 


100,000 


100 , 


30,000 


500 



*Total walkoff (1 nsec maximum) 



Symmetric square wave dithering is not the only desirable method. FIGS. 
3(B) and (C) show two other dithering schemes in addition to the square wave 
modulation. An asymmetric type of rectangular wave can be used in order to 
obtain unidirectional scanning, as shown in FIG. 3(B). This would reduce the 
wasted dead-time of the backward scan. While unidirectional scanning is used 
in commercial Fabry-Perot interferometers, it is produced by a triangular 
waveform rather then by a rectangular waveform, as shown in FIG. 3B. 

The abrupt voltage changes on the leading and falling edges of the rectangular 
and square waves can cause mechanical shock and ringing in the PZT, thus 
distorting the otherwise linear time scale of scanning. Some type of signal 
conditioning (e.g., smoothing of transitions) which would reduce these effects is 
desirable. Alternatively, a sinusoidal voltage can be applied to the PZT, as 
shown in FIG. 3(C). The advantage of sinusoidal scanning is that it avoids the 
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shock and ringing which would accompany the sharp voltage transients associated 
with the square and rectangular waves. It also avoids timing distortion as the 
PLL tries to react to the induced cavity length mismatch. That is, for a simple 
analog stabilizer circuit, a sinusoidal drive voltage will produce a sinusoidal 
scanning characteristic, even if the stabilizer reacts somewhat to the scanning time 
delay. For these reasons, sinusoidal scanning is the simplest to implement. 
However, sinusoidal scanning does not share the advantage of a rectangular wave 
signal, such as that shown in FIG. 3B, which produces unidirectional scanning. 
Therefore, depending on the degree of simplicity required, a sinusoidal scanning 
signal can be desirable for driving the PZT. 

The scan parameters given in Tables 1-3 were provided based on symmetric 
square wave modulation of the PZT. For sinusoidal scanning, the scan range and 
scan rate would be modified somewhat. The time-dependent delay is still given 
by equation 4, however, the cavity length modulation is given by: 

AL(0=AL 0 -cos(2ti//) 

Eq. 9. 

Then the delay is: 

1 

L 2nf s 

Eq. 10. 

This will give sinusoidal scanning, although the time delay will be 90 degrees out 
of phase with the PZT position. Note that the scanning characteristic is not 
linear, and some type of scale correction is needed. 

It should be noted that although the laser scanning technique described 
here was demonstrated using a pair of mode-locked fiber lasers, this technique is 
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not limited to the embodiments described above, but is applicable to many types 
of mode-locked lasers including solid-state, diode lasers, and dye lasers. 

Scanning Fiber Laser System 

FIG. 4 shows a preferred embodiment of the invention for a twin fiber 
laser system employing two fiber lasers, i.e., a master laser 210 and a slave laser 
220. 

Both lasers are pumped by the same laser diode LD 205, whose power is 
divided between the two lasers by a splitter SPL 206. Master laser 210 is 
terminated by an integrated Faraday rotator mirror FRM 215, while slave laser 
220 is terminated by an optical assembly PZT-FRM 225 which is equivalent to 
FRM 215, but which also contains a mirror mounted on a PZT. The two fiber 
lasers contain identical modelocking optics (i.e., waveplates X/4, X/2, Faraday 
rotators (FR), and polarizing beamsplitters PBS). Laser mode-locking is initiated 
by saturable absorbers SA. The output pulses from the low-noise output ports of 
the lasers are detected by photodiodes PD-1 and PD-2 which are used to drive 
stabilizer 130. 

Both fiber lasers have a nominal repetition rate of v 0 = 4.629 MHz. They 
are based on an environmentally stable design disclosed in M. E. Fermann, L. 
M. Yang, M. L. Stock, and M. J. Andrejco, "Environmentally stable Kerr-type 
mode-locked erbium fiber laser producing 360-fs pulses." Opt. Lett., 19, pp. 
43-5, Jan. 1994, which uses nonlinear polarization evolution (NPE) as the 
mode-locking mechanism. The lasers have identical components except for the 
Faraday rotator mirrors; master laser 210 is terminated with an integrated 
Faraday rotator mirror FRM 215 which is a single package, while slave laser 220 
is terminated by assembly PZT-FRM 225 of discrete components which is 
equivalent to a FRM, but which also contains a mirror mounted on a PZT. The 
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PZT used here had a total travel range of 40 microns. The lasers are thermally 
and mechanically coupled by co- wrapping them on the same fiber spool 280. 
Additionally, both lasers are pumped by the same pump laser diode LD 205 so 
that the pump noise in the two lasers is correlated. The relative timing between 
the lasers is set and stabilized by stabilizer 130, which includes a PLL circuit. 
Once stabilizer 130 has been enabled and the lasers are set at the proper delay, 
a dithering signal is applied to the PZT of slave laser 220 to make it scan. The 
dithering signal is applied by a signal generator 135, which is added to a 
stabilizing signal output from stabilizer 130 to produce a signal for driving the 
PZT. Alternatively, stabilizer 130 can generate the dithering signal, so that the 
output of stabilizer 130 includes both the stabilizing and dithering signals. Each 
laser has two output ports associated with its intracavity polarizer. These two 
output ports are shown in Fig. 4 as the two outputs of each PBS. These two laser 
outputs have very different noise characteristics; one is somewhat noisy, and the 
other has very little noise, due to an optical limiting effect (due to the NPE) 
which is known to occur in this type of laser. It is this quiet output beam that is 
detected by photodiodes PD-1 and PD-2 which provide input to stabilizer circuit 
130. Use of the quiet output beam as the input to stabilizer 130 helps to 
minimize the timing jitter. 

Sinusoidal time scanning has been accomplished by the inventors by using 
the twin fiber laser system. FIG. 5(A) shows 2 cycles of a cross-correlation scan 
between the two fiber lasers shown in FIG. 4, collected with single shot data 
acquisition, that is, with no averaging. More particularly, FIG. 5(A) shows the 
cross-correlation signal between two fiber lasers being scanned by the dithering 
method of the present invention at a scan frequency of 106 Hz and over a scan 
range of 200 psec. Here, FIG. 5(A) shows two full cycles of scan, showing both 
forward and backward scans. Also shown is the sine wave voltage applied to the 
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PZT controller, and the trigger out of the signal generator, which appears as a 
square wave. This plot of FIG. 5(A) was obtained by passing the pulses from the 
two lasers through a modified cross-correlator which uses sum frequency mixing 
in a nonlinear crystal, in particular a beta-barium borate (BBO) crystal. 

A scanning mechanical delay is used in one arm of a known correlator. 
However, in the correlator of the present invention, no mechanical delay was 
used. All scanning was done using the laser dithering method described above. 
Also, FIG. 5(A) shows the sine wave voltage applied to the PZT controller and 
the trigger-out of the function generator. Note that the ends of travel of the PZT 
which are marked on the graph are 90 degrees out of phase with the applied sine 
wave, as expected according to equations 9 and 10.- The scanning range is about 
200 psec at a scan frequency of 100 Hz. This is equivalent to scanning a physical 
delay by 3 cm at a repetition rate of 100 Hz. However, with the twin-laser 
system the same scanning range is achieved by moving the PZT of the slave laser 
by only a few microns. 

This cross-correlation method was used to measure the timing jitter 
between the two lasers. The timing calibration was provided by inserting a glass 
etalon of having a thickness of 2 mm into one arm of the correlator, which 
creates a sequence of pulses separated by 20 psec. These sequence of pulses are 
clearly visible on the scans shown in FIG. 5(A). FIG. 5(b) shows the same scan 
on an expanded time scale showing closely spaced pulses (one laser has satellite 
pulses) and replicas of the pulse pairs, produced by inserting a 2 mm glass etalon 
into one arm of the correlator. The pulse pair replicas are separated from the 
main pulse pair by 20 psec, corresponding to the optical thickness of the etalon. 
Here, it can be seen that the pulse widths are on the order of 1 psec, and satellite 
pulses are also present a few psec away from the main pulse. The RMS timing 
jitter thus measured was AT} =5 psec, with occasional timing deviations of up to 
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+20 psec. The timing jitter data are shown in Fig. 5(C) where each data point 
represents the relative time delay between the lasers on each scan at the 106 Hz 
scan rate. 

The measured jitter demonstrates the limitations of the precision of the 
electronic PLL circuit of stabilizer 130, but it also demonstrates how precise 
timing information can be obtained in spite of this jitter. If the scan is done 
rapidly enough, the relative timing jitter within the scan time can be quite small. 
And if a stable series of timing pulses is provided, e.g., by passing laser pulses 
through an etalon, then even the jitter during the scan time can be known 
accurately. In this way, the scan characteristic can be known to subpicosecond 
accuracy even though the lasers are jittering by several picoseconds. 

The beneficial effects of co-packaging the lasers is important. In a 
previous, and less successful dual laser system built by the inventors, the same 
pair of lasers were constructed separately on different breadboards and were 
pumped by different lasers. With the stabilizer enabled, the slave laser would 
track the master laser for only about 30 minutes before the- cavity length 
mismatch would exceed the 40 micron travel range of the PZT. At this point, 
tracking became impossible. Thus, even under a normal room temperature 
environment, the cavity length mismatch between a pair of 5 MHz lasers can drift 
by more than 40 microns, which is beyond the range of most PZTs. On the other 
hand, the copackaged system of the present invention is able to track indefinitely, 
indicating that the cavity length mismatch stays well within the 40 micron limit 
of the PZT under normal room conditions. Measurements of the absolute and 
relative frequency drifts show that the relative frequency drift between the two 
lasers is 7-times less than the absolute drift of one laser. The relative drift can 
be improved still further by making the lasers truly identical in construction. 
This can be accomplished by terminating both lasers with identical PZT-FRM 
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assemblies, or by terminating them both with identical FRM packages and 
changing the slave laser cavity length with a fiber stretcher. 

Further reduction of both the relative and absolute timing drifts can be 
accomplished by acoustic damping of fiber spool 280 and other components, and 
building the lasers in the same enclosure, which could itself be acoustically 
damped and temperature controlled. Eventually, with all of the above methods 
employed, relative laser jitter could reach the quantum limit (H. A. Haus and A. 
Mecozzi, "Noise of mode-locked lasers," IEEE J. Quantum Electron., QE-29, 
pp. 983-996, March 1993). Since the quantum-limited timing jitter increases with 
increasing dispersion, the jitter could be further reduced by operating the mode- 
locked lasers near the zero-dispersion wavelength. 

Dithering the end mirror of a mode-locked laser can induce amplitude 
fluctuations at the scan frequency due to mirror misalignment and defocusing. 
The misalignment effect can be minimized by focusing on the PZT-mirror to 
reduce angular sensitivity, and by using a 3-point mirror-scanning PZT to 
preserve alignment, as is done with commercial scanning Fabry Perot 
interferometers. The defocusing effect can occur when the scan amplitude is an 
appreciable fraction of the confocal parameter of the beam waist incident on the 
PZT-mirror. In a fiber laser, this defocusing causes a reduction in the coupling 
efficiency of the beam back into the fiber, which in turn, causes power 
fluctuations. Thus, tight focusing on the PZT mirror is undesirable. A judicious 
choice of beam collimation can reduce the defocusing effect. For example, if a 
PZT is used having a scan range of 40 microns, a confocal parameter of at least 
a few millimeters would be required. Then, the quantity (AL/Z R ) 2 - 10" 4 is quite 
small, where Z R is the confocal parameter of the beam waist at the PZT mirror. 
When this quantity is small, the amplitude modulation of the laser is 
correspondingly small. 
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It should be pointed out that even if slight mirror misalignments cause 
some small amplitude fluctuations during the scanning, the beam pointing stability 
is not degraded in any way, due to the guiding properties of the fiber. However, 
with a solid-state modelocked laser, some deviation of the output beam could 
occur if measures are not taken to prevent it. 

An alternative laser system might have both lasers terminated by identical 
FRM, and the cavity lengths could be adjusted by a PZT fiber stretcher, such as 
a piezoceramic tube actuator PiT 40x18x1 made by Piezomechanik GmbH of 
Germany. 

Timing Calibration 

Even with the PLL circuit of stabilizer 130 stabilizing the average relative 
timing delay, this position can fluctuate by several picoseconds so that it is 
necessary to insure that the data acquisition unit 50 is properly triggered with a 
timing signal which has the desired accuracy, i.e. 100 fsec. Such a signal can be 
obtained from a cross-correlator employing nonlinear optical mixing in a 
nonlinear crystal such as BBO, as was done in the demonstration mentioned 
above, and by others, such as Kafka et al. This type of triggering has also been 
shown to be essential in obtaining high accuracy in metrology measurements, 
even when using a mirror shaker for the scanning time delay. However, while 
this is necessary, it may not be sufficient. Jitter measurements show that the 
timing can fluctuate not only from scan to scan, but even during a single scan 
cycle. That is, the scan rate R.^, changes from scan to scan, and even during 
the scan cycle. It is therefore essential that time scaling operations occur before 
signal averaging. Thus, it is necessary to have at least two timing pulses per scan 
from the correlator ~ one for triggering, and the other for time scale information. 
To do this, the present invention fills the scanning interval with a sequence of 
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pulses, either uniform or nonuniform (in both amplitude and time). In this way, 
timing information can be obtained about the scanning interval on each and every 
scan cycle. 

Tuning Scale Gemieratioa 

An important key point of the time scale calibration is selecting the optical 
methods used to generate the timing information. In a preferred embodiment, a 
sequence of pulses can be produced by reflecting a single pulse from a 
high-finesse Fabry-Perot (FP) etalon to produce a temporally uniform sequence 
of many pulses, as shown in FIG. 6(A) and (B). Because the FP etalon is being 
used as a "rattle-plate", in which the pulse is internally reflected many times 
within the FP etalon (i.e., a high-Finesse FP etalon), rather than its resonant 
properties being used, the transmission through it is rather low. An example of 
employing an FP etalon consisting. of two mirrors with R=98%, thus having a 
transmission of T = .0004, is now discussed. The transmitted pulse train, shown 
in FIG. 6(A), is a series of pulses, separated by the transit time of the FP etalon, 
ringing down by a decay factor which is dependent on the mirror losses and the 
misalignment. That is, the transmitted pulse train is attenuated by the factor T 2 
where T is the transmission of the etalon surfaces. The transmitted pulse train 
is more or less uniform with the pulse intensities slowly decaying upon each 
round trip. The first (and largest) pulse in the train is 2500-times weaker than 
the pulse incident on the FP etalon. FIGS. 7(A) and (B) show the slowly 
decaying pulse train transmitted through a real air-spaced FP etalon with surface 
reflectivities of R=98%, and mirror spacing of approximately 1 mm. FIG. 7(B) 
shows, on an expanded time scale, a plot of a single backward scan having 17 
pulses and showing the point corresponding to the end-of-scan. These data were 
obtained by simply inserting the FP etalon into one arm of a conventional 
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scanning correlator which employed a retro-reflector mounted on a voice-coil 
(speaker). Since a sinusoidal voltage was applied to the speaker, the time delay 
was scanned in a more or less sinusoidal fashion. The spacings of the pulses 
versus time give the scanning characteristic of the shaker-mirror, which is shown 
in FIG. 7(C). The total scan range is readily calculated from these data, as: 

~ (17 pulses) x (6.7 psec/pulse) = 114 psec Eq. 11. 

The data in FIG. 7(C) show that, as expected, the scanning characteristic 
is not exactly linear. To show the deviation from linearity, the data is fitted with 
a straight line, and then the data is subtracted from this best fit. The result, 
shown in FIG. 7(D), is the deviation of the time scanning characteristic from 
linearity. 

The reflected pulse train is identical to the transmitted pulse train, which 
are each shown in FIG. 6(B) except that the reflected pulse train is preceded by 
a prompt pulse which is the first surface reflection and which contains most of the 
pulse energy (i.e. ,98%). Since this first reflected pulse is at nearly full intensity, 
it is useful for any of the experimental applications or measurements to be 
performed. Note that this prompt pulse is 2500-times more intense than the pulse 
train immediately following it. In most cases, this weak pulse train will not 
seriously affect the measurements. In other cases, however, it may be 
unacceptable. 

Of course, etalons with lower finesse can also be used, but then the 
transmitted pulse train decays much more quickly, and the correlator's dynamic 
range becomes the limiting factor. For example, an etalon with surface 
reflectivity of R=30% produces a rapidly decaying series of pulses in which each 
pulse is 10-times weaker than the previous pulse. Thus, only about 3 pulses can 
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be used for calibration in real time, since most data acquisition has a single shot 
dynamic range of only three decades. This was the case for the correlation 
shown in FIG. 5. This effect can be overcome to some extent by dynamic range 
compression schemes, for example, by using a logarithmic amplifier. 

In yet another embodiment, combinations of FP etalons can be used. For 
example, a thin etalon (such as a cover-slip) would produce a pair of closely 
spaced pulses ( - 1 psec) which would then be sent to a higher finesse FP with a 
larger spacing (e.g., 20 psec). The result would be a sequence of pulse pairs 
spaced by 20 psec. This gives local derivative information about the timing 
characteristic. 

The FP etalons could be either solid or air-spaced. A solid etalon is more 
rugged and compact, but an air-spaced etalon is adjustable and avoids the problem 
of pulse broadening due to group velocity dispersion which would occur for those 
pulses which have made many round-trips through the etalon. For high accuracy, 
it is necessary to control the temperature of the etalon. For example, the 
fractional change in group delay through a piece of fused silica is approximately 
Al/l -~ 10' 6 / o C. Thus, if 1 micron (6 fsec) of accuracy is required over an entire 
range of 1 meter (6 nsec), then the etalon temperature should be constant to 
within 1 °C. Air-spaced etalons have an advantage in that they can be 
constructed using thermally compensating mounting techniques. Thus, the 
temperature sensitivity can be reduced over that of solid etalons, and temperature 
control may not be required for normal room-temperature operation. 

Another possible implementation is to use a series of photorefractively 
grown fiber gratings 310, as shown in FIG. 8(A), grown on an optical fiber 300. 
The gratings can be so tailored that the emerging pulse sequence can be either 
uniform or nonuniform. In this case, the spacing is uniform, but the amplitudes 
are nonuniform in order to produce a "ruler" scale, with larger pulses occurring 
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for every 5th or 10th pulse, as shown in the figure. Of course, the ability to 
grow fiber gratings at any desired position in the fiber gives great flexibility, and 
it may be advantageous to place them at nonuniform spacings in order to 
eliminate timing ambiguity. 

Additionally, if it is desired that the pulses traverse substantial lengths of 
fiber (i.e. , > 0.5 meters) the pulses will broaden due to group velocity dispersion 
(GVD) in the fiber. Then, a series of chirped gratings could be grown in such 
a way that the GVD of the fiber being traversed is properly compensated. In 
fact, chirped gratings are necessary for high time resolution due to the fact that 
normal unchirped gratings have reflectance bandwidths of only about 2 nm 
making them unsuitable for subpicosecond pulses. At a center wavelength of 800 
nm, a 100 fsec pulse has a full-width half-maximum (FWHM) bandwidth of 8 
nm; and at a wavelength of 1500 nm, the bandwidth is about 30 nm. Only 
chirped gratings have sufficiently broad bandwidths for these pulses. It is known 
that reflecting femtosecond pulses from chirped gratings causes the pulses 
themselves to become broadened and chirped. In this case, it is necessary to 
sequentially reflect the pulses from two chirped gratings with opposite senses of 
chirp, as is schematically illustrated in FIG. 8(B). Here, pulse broadening is 
prevented by using a compensating scheme in which the pulse is first reflected 
from a chirped grating sequence CFGS 320 and subsequently reflected from a 
nearly identical chirped grating CFG 330 which is chirped in the opposite sense. 
The order can be reversed (i.e., reflect first from CFG and then from CFGS) 
with equal results. Efficient splitting and reflection can be provided by polarizing 
beamsplitter PBS 340 and by quarter-wave plates QWP 350. This technique has 
been successfully applied toward chirped pulse amplification in fibers by A. 
Galvanauskas, M. E. Fermann, D. Harter, K. Sugden, and I. Bennion, "All-fiber 
femtosecond pulse amplification circuit using chirped Bragg gratings. " Appl Phys. 
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Lett., 66, pp. 1053-5, Feb. 27, 1995. The object of this aspect of the invention, 
however, differs from that of Galvanauskas et al. In that work, a pair of gratings 
were used to stretch the optical pulse to very long durations (>300 psec) for 
chirped pulse amplification, and then to recompress the pulses. In the present 
invention, chirped gratings are used because unchirped gratings have insufficient 
bandwidth ( - lnm) to support short pulses, and because there will be some need 
to compensate the GVD of the fiber for pulses which have traversed substantial 
lengths of fiber. Here, there is no desire to stretch the pulses, because the object 
of this aspect of the invention is to produce a sequence of short pulses. 

Two fiber gratings can also be used to form a fiber FP etalon, which could 
be used either in transmission or in reflection. Alternatively, a passive optical 
fiber loop could be used. Other structures which can produce reflections are poor 
splices between optical fibers and microbends in a fiber. Temperature control of 
the fiber would be necessary in these cases, or variations in timing calibration 
would be known beforehand, and compensated for mathematically. 

Pulse sequences can also be produced by a series of partially reflecting 
mirrors, with the reflectivity and spacing of each mirror being carefully chosen 
so as to give the desired sequence of pulses, if it is physically possible. 
Algorithms have been developed for calculating the required mirror parameters 
to produce the desired pulse sequences from a single pulse (V. Narayan et al., 
"Design of multimirror structures for high-frequency bursts and codes of 
ultrashort pulses," IEEE J. Quantum Electron. QE-30, pp. 1671-1680, July 
1994). There are a number of other types of optical devices, composed of partial 
reflectors, which can be used as well to generate pulse trains from a single pulse. 

Arbitrary, programmable pulse sequences can be produced by passing a 
laser pulse through a pulse-shaping dispersive delay line (DDL). This gives much 
greater flexibility than the methods mentioned above, but is limited in terms of 
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the maximum achievable pulse spacing. Practical limits are about 100-200 psec. 
Any larger pulse spacing requires a physically larger setup, which can become 
prohibitive. 

Another embodiment, most useful for low repetition rate (<30 MHz) 
lasers at wavelengths near 1550 nm, would be to inject a sequence of pulses into 
a regenerative soliton storage ring consisting of a fiber loop with a gain section 
(e.g. Er-doped fiber). The pulse sequence injected into the ring may be obtained 
in any number of ways including the methods discussed here (i.e., Fabry-Perot 
etalon, fiber gratings, pulse shaper, etc.). Because the loop is regenerative, it is 
necessary to dump it and re-inject it on every laser pulse. This would occur 
every 200 nsec for a 5 MHz laser. The dumping and injection can be 
accomplished by some type of optical switch, either AO or EO, which are 
commercially available. 

Yet, another embodiment would be to inject short pulses from one laser 
into a laser diode biased at or near threshold. The laser diode facets have a 
reflectivity of 30%, forming a low-finesse FP etalon. However, the gain of the 
laser diode would retard or prevent the "ringdown" of the optical pulses. In this 
way, it should be possible to obtain a train of several tens of pulses. Eventually, 
group velocity dispersion and gain narrowing in the diode would broaden pulses 
which make many round trips through the structure, and thus limit the number 
of pulses which are actually usable. This device could be used either in reflection 
or transmission. 

Extremely fine (sub-micron) calibration can be obtained by inserting a 
birefringent crystal (e.g. quartz) into one beam of the measurement system and 
comparing the pulse arrival times when the pulses propagate along the ordinary 
and extraordinary axes of the crystal. Typical plate thicknesses of 1 mm give a 
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few wavelengths of retardation, which produces a readily discernable difference 
in pulse arrival times if pulses of 100 fsec duration or less are used. 



Cross-Correlator Optics 

The sequence of pulse signals generated according to the above-described 
methods are cross-correlated with the other laser pulses using some sort of 
nonlinear element. Various nonlinear processes can be used for detection of pulse 
coincidence or relative pulse timing. Some optical nonlinearities which could be 
used include, but are not limited to: optical mixing via second harmonic 
generation (SHG), sum frequency generation, gain saturation, absorption 
saturation, four- wave mixing (FWM), and nonlinear response of photocurrents. 
A likely choice for the nonlinear element is a SHG crystal. However, using a 
SHG crystal has the disadvantage of only providing a signal when there is overlap 
between the laser pulses. Thus, it can serve only as a coincidence detector. This 
requires the use of the various pulse train generators, pulse shapers, etalons, 
...etc., discussed above. In some situations, the extremely high accuracy which 
can be obtained using SHG crystals is not required. In some cases it may be 
more desirable to use an element which has a noninstantaneous response, and 
thus, can give information about time delay via amplitude information. There are 
a number of devices or materials which might be suitable, such as traveling- wave 
laser diode amplifiers (TWAs); saturable absorbers; photodetectors, which rely 
on saturation effects, such as PIN diodes and avalanche photodiodes (APDs); or 
perhaps even SEED devices. For example, TWA's have been used for optical 
clock recovery in optical communications. They have the advantage that when 
they are driven far into saturation, they become relatively immune to amplitude 
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fluctuations. Here, the accuracy and range are determined by the recovery time 
of the device. TWA devices are known to measure phase accuracy to about 10 3 
radians. In such optoelectonic devices, nonlinearity of optical absorption is not 
the only method which can provide timing information. Pulse timing information 
can also be obtained by monitoring electrical properties such as photocurrent, 
voltage, capacitance, etc., of the device as pulses propagate through them. This 
would be a significant simplification over detecting the change in optical 
properties. 

These timing calibration techniques, although intended for use with the 
fast-scanning laser method, are expected to be applicable not only to the laser 
scanning systems described here, but also to free-scanning lasers, dual- wavelength 
mode-locked lasers, and even to the more conventional scanning systems 
employing physical delays. An example of this is the calibration data shown in 
FIG. 7 which was obtained for a scanning system which consisted of a 
retro-reflector mounted on a voice-coil (speaker). Since a sinusoidal voltage was 
applied to the speaker, the time delay was scanned in a more or less sinusoidal 
fashion. The scanning characteristic shown in FIG. 7(C) can be used to correct 
the time scale of any data acquired during the scan. When the actuator is driven 
at higher amplitudes, near its physical limits, the scanning characteristic deviates 
significantly from a sinusoid. This can be corrected as well. Other devices, such 
as rotating glass blocks and rotating mirrors, also have nonlinear scan 
characteristics which can be corrected by the timing methods of the present 
invention, described here. 

Laser StabMizatioim 

Because any cavity length error is constantly accumulated on each round trip 
of the laser cavity, very small cavity length fluctuations can cause large timing 
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errors. Thus, it is necessary to use a servo loop to hold the time-averaged 
repetition rate to v x \ or equivalently, the time-averaged cavity length mismatch, 
AL, must be held to zero. The feedback signal which can be used to control the 
average cavity mismatch is derived from a pair of photodetectors PD-1 and PD-2 
shown in FIG. 9, which feed into a conventional phase locked loop (PLL) circuit. 
As discussed earlier, the accuracy of such a PLL stabilizer system, has been 
measured and been found able to synchronize the two fiber lasers to within 5 psec 
RMS with maximum timing excursions of up to 20 psec. The quoted stabilization 
accuracy is the current state of the art, and by no means represents the ultimate 
attainable limit. It should be possible to substantially increase the accuracy to 
well below 1 psec. However, it is not expected that the stabilization accuracy 
will ever approach the desired time resolution, which in some cases could be 1 
fsec or even smaller. For this reason, the timing calibration methods described 
here will still be required. 

A detailed diagram of the preferred embodiment of the laser stabilization 
and dithering system, including stabilizer 130, is shown in FIG. 9. Stabilizer 130 
includes timing discriminators TD 131 and 132, a phase detector 133, a filter 
134, a DC voltage generator 135, an amplifier 136, a frequency generator 140 
and an adder 137. Pulse amplifiers (PA) 430 and 440 receive the electrical pulses 
output from PD-1 and PD-2, respectively. The pulse amplifiers 430 and 440 
amplify the received electrical pulses and output them to timing discriminators 
131 and 132, respectively. Timing discriminators 131 and 132 condition the 
signals before they are input to the phase detector 133. The PZT controller used 
here is a commercial PZT controller unit. This is a high- voltage amplifier which 
takes an input signal in the range of 1-10 volts, and produces a proportional 
output in the range of 0-150 volts. Although the PZT controller unit is shown as 
a separate unit, it could be, and preferably is, integrated into stabilizer 130. 
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In a preferred embodiment of the stabilizer 130, the phase detector 133 for 
the PLL can be a standard RF phase detector, or mixer, or a logic gate, such as 
an XOR gate, which has improved linearity. The linearity is very important if 
it is desired to perform scanning of arty subinterval of the round trip time. 
Alternatively, a time-to-amplitude converter (TAC) can be used as the phase 
detector. This is also very linear, and would be especially appropriate at low 
repetition rates, such as 5 MHz. One limitation to highly accurate phase stability 
is the AM to FM conversion which can occur in a simple RF mixer. That is, 
laser amplitude fluctuations are converted to timing fluctuations by the mixer. 
It is thus desirable to perform signal conditioning on the electrical pulses which 
are produced by the photodiodes PD-1 and PD-2. This can be accomplished most 
readily by using timing discriminators 131 and 132 before phase detector 133, as 
shown in FIG. 9. However, this effect can also be miriimized by reducing the 
amplitude noise of the lasers. It is known that an optical limiting process occurs 
during mode-locked operation under certain conditions, and for certain output 
ports of the laser. This greatly reduces the timing jitter when the stabilizer is 
enabled. 

It is also important that the scanning frequency be greater than the 
bandwidth of the stabilizer system. In this way, the PLL would maintain the 
average time position properly, but would not counteract the applied mirror 
scanning. The twin fiber lasers described earlier were stabilized using a PLL 
circuit which had a bandwidth of only 30 Hz. This rather low bandwidth is 
advantageous for allowing scan rates ranging from 30 Hz up to several kHz. 
However, in order to be able to use a 30 Hz stabilizer bandwidth and still 
maintain synchronization with < 10 psec accuracy, the intrinsic relative timing 
jitter of the laser pair must be very low. This is achieved using the methods of 
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construction described earlier, which ensure that the two lasers are subjected to 
the same environmental conditions to the greatest extent possible. 

It is also possible that a simple correlator could provide the necessary 
feedback signal for stabilization. While the laser is scanning, the peak position, 
as measured by the correlator, could be used as an error signal to feed back to 
stabilizer 130. Note that the simple stationary cross-correlator technique of 
Dijaili et al. will not work here, since in the present invention the lasers are 
constantly scanning. 

The fast scanning system of the present invention has many advantages 
over conventional scanning physical delays and free-scanning lasers. In 
particular, unlike the conventional scanning physical delays, which have moving 
arms, no misalignment or defocusing of the laser beams occurs in the present 
invention even when scanning large delays of several nsec. With physical delays, 
very careful alignment must be performed, and the confocal parameter must be 
> 1 meter for even a 1 nsec delay line. Furthermore, high scanning speed, and 
even hypersonic scan velocities are possible with the present invention. However, 
with a physical delay, scanning even 1 nsec at 100 Hz (100 feet/sec) is not 
practical. Although, with the present invention, large (adjustable) scanning 
ranges are possible, for example, (from -50 psec up to 200 nsec for a 5 MHz 
fiber laser). To achieve such a scanning range in a conventional scanning system, 
200 feet of delay line would be required. Also, there is no need to employ a high 
repetition rate laser for better duty cycle, as in conventional free scanning 
systems. Further, large temporal dynamic range is possible, which would be 
useful for scanning of remote targets or OTDR. For example, a total scan range 
of T R = 200 nsec with time resolution less than 1 fsec gives a temporal dynamic 
range of more than 10 8 . Also, an improved duty cycle with greatly reduced 
dead-time is achieved, unlike the conventional free scanning system. Also, 
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extremely simple and compact cross-correlator design is now possible with the 
present invention, without any moving parts. For example, the correlator could 
be the size of a Game-Boy. Moreover, experimental setups are greatly simplified 
because pathlengths do not need to be matched in the present invention. 

The fast scanning and timing calibration methods discussed above can be 
used to perform many types of measurements and experiments. A few of the 
applications in which the methods and apparatuses of the present invention can 
be used, are discussed below. However, a person skilled in the art will readily 
understand that the present invention is applicable to many applications and is not 
limited to the following applications described below. 

FIG. 10 shows the preferred embodiment of a general measurement system 
employing the fast-scanning laser system and the timing calibration method using 
a FP etalon, according to the present invention. Pulses from laser 510 (laser 510 
may be either the master or slave laser, it does not matter which) are incident on 
a FP etalon. The transmitted pulse train transmitted through the FP etalon is sent 
to a timing unit 540 in which it is cross-correlated with a pulse from laser 520, 
to generate a data stream which gives a calibrated time scale. The pulse train 
reflected from the etalon is sent to a measurement unit (not shown) along with a 
pulse from laser 520. The data stream from the measurement unit is input into 
the "Y-channel" of the data acquisition system (DAQ) 550 while the data stream 
from the timing unit is sent to the "X-channel" of DAQ 550. This information 
can be used in two different ways. 

1. On-the-flv (OTF) time scale correction - In this technique, the 
timing pulses form a time scale. For example, if sinusoidal scanning is used, 
then even a uniform pulse sequence will appear non-uniform in time. Fast 
processors could use this time scale information on each scan to appropriately 
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adjust the scanning data (e.g., by using interpolation) with the correct time scale 
before signal averaging. 

In other words, each scanning point is corrected by the fast processor 
based on the time scale formed by the timing pulses. For example, FIG. 7(C) 
shows the scanning characteristic for each peak of the scan shown in FIG. 7(B), 
and FIG. 7(D) shows the linear deviation of these points. This time scale 
information can be used to correct for the deviations, in essence calibrating each 
peak "on-the-fly." 

2. Scan rejection (smart triggering) - This technique uses a 
"scan-selector" which looks for a number of timing pulses (at least two) to occur 
within certain well-defined time slots relative to the trigger pulse. The selector 
then makes a GO/NO-GO decision on whether to sum the scan data into the 
signal averager. If the timing pulses from the correlator fall within the time slots, 
the scan is summed into the existing data buffer; if one of the timing pulses 
"misses" its timing slot, the scan is rejected. After signal averaging is completed, 
any nonlinearity in the time scale can be properly compensated. - 

The smart triggering method is the simplest to implement; however, many 
scans would be wasted. The on-the-fly scale correction is more sophisticated and 
more time efficient in terms of wasted scans, but is more computationally 
intensive. Accordingly, the constraints of the application will likely determine 
which technique to use. 

Metrology System 

As an example of a more specific application, FIGS. 11(A) and (B) show 
preferred embodiments of a metrology system which employ the fast laser 
scanning technique of the present invention instead of the conventional 
moving-mirror method. 
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Fig. 11(A) shows an embodiment of a metrology system. Here, the beam 
from slave laser 620 is incident on the FP etalon which produces a sequence of 
pulses which are input to timing unit 641. The beam from master laser 610 is 
split by a normal beamsplitter BS 660. One part of the split beam of the slave 
laser 620 is input to timing unit 641. The other part of the beam is directed to 
the surface under test, which reflects the beam. The reflected beam is input to 
correlator 640. Also, the pulse reflected from FP etalon is input to correlator 
640. Thus, correlator 640 is used for the object (experiment) to be measured, 
and timing unit 641 is used for the time scale calibration. The data stream 
corresponding to the object which is output from correlator 640, is input to the 
Y-channel of DAQ 650, and the data stream output from timing unit 641, which 
also includes a correlator, goes to the X-channel of DAQ 650. The timing unit 
data input to the X-channel provides a time scale, and the data output from 
correlator 640 and input to the Y-channel give object/surface distance 
information. 

FIG. 11(B) shows another embodiment of a metrology system employing 
the techniques of the present invention. Here, the timing device (FP etalon) is 
put into a beam path to the object. The beam reflected from the FP etalon 
illuminates the object to measured. The light scattered from the object surface 
is collected by a lens LI, and is then recombined (via a beamsplitter BS 670) with 
the calibrated pulse train wLich is transmitted through the FP. The resulting 
cross-correlation between a gating pulse from slave laser 620 and this series of 
pulses from the target and etalon, gives the object range information (a single 
pulse) superimposed on the multi-pulse timing scale from the etalon. The result 
is a single data stream which contains both the object range information and the 
time scale calibration. The distance to the point on the object surface is then 
deduced by measuring the relative time delay between the object pulse and the 
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timing pulses in the data stream. This comparison between the timing of the 
object pulse and the etalon pulses is a variation of a differential metrology method 
using ultrashort pulses. 

In FIGS. 11(A) and (B), the FP etalons are shown to be oriented at a 
sharp angle with respect to the input beam. This angle of incidence has been 
exaggerated for clarity. Those skilled in the art will recognize that tilting the FP 
etalon away from normal incidence will cause increasing lateral displacements of 
each subsequent reflection from the etalon, as shown in FIG. 6. Therefore, it is 
desirable to use the etalon at an angle of incidence which is as small as is 
practical. It would be used at normal incidence if it is preceded by a polarizer 
and Faraday rotator. This spatial displacement will not degrade the correlator 
performance as long as it does not overfill the lens or any other aperture in the 
correlator. 

Alternatively, this lateral displacement effect could be used to some 
advantage in modifying the shape of the pulse train envelope to be something 
other than a decaying exponential. This could occur via aperturing of the beams, 
or by the angular selectivity of the phase matching condition of the nonlinear 
mixing crystal in the correlator. 

OTDR System 

FIG. 12 is a schematic diagram of an optical time domain reflectometer 
(OTDR) system employing the fast scanning laser and timing systems of the 
present invention. The scanning laser system preferably is comprised of low 
repetition rate lasers (v ~ 5-10 MHz) so that the usable unambiguous range is 
large. A short pulse from a master laser 710 is split into two beams by beam 
splitter BS 760. One of the split beams is sent to a timing unit 741, and the other 
is sent to a fiber or waveguide device under test (DUT) 790. Pulses reflected 
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from surfaces, splices, defects, etc. in the DUT 790 are sent to a correlator 740 
for precision timing/distance measurement with accuracies of -10 fsec/~3 
microns. This is accomplished according to the following method. Single pulses 
from slave laser 720 are split into two beams. One of the beams is sent to 
correlator 740 to be used as a gating pulse for the signal from the fiber. The 
other is sent to a pulse shaper 780 which produces pulse sequences which are in 
turn used by a timing unit 741, which is itself another correlator, to provide a 
calibrated time scale for the data acquisition (DAQ) unit 750. For a low 
repetition rate system such as 5 MHz (T R = 200 nsec), pulse shaper 780 must 
produce pulse sequences which more or less fill the entire 200 nsec timing 
interval. In the preferred embodiment, the pulse shaper would utilize chirped 
fiber Bragg gratings, as shown in FIG. 8(B). 

Other configurations of the laser, timing units and correlators are possible. 
For example, the roles of the master and slave lasers 710 and 720, could be 
interchanged. The pulse shaper could also consist of a fiber FP etalon, or a fiber 
loop (either passive or with gain). 

EO Sampling Oscilloscope 

FIG. 13 shows a schematic diagram of a jitter-free electro-optic sampling 
oscilloscope using the fast scanning laser and timing system according to the 
present invention. This embodiment combines the well established non-contact 
EO-sample technique with the fast scanning technique described herein, thus 
providing much greater flexibility in time scale adjustment. 

Pulses from master laser 810 are split into two beams. One beam is sent 
to a timing unit 841; the other pulse is sent to generate electrical pulses on the 
device under test (DUT), which in this case is mounted on an integrated circuit 
(IC) 890, via photo-conductive (PC) switch 891. Pulses from slave laser 820 are 
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also split into two beams. One beam is sent to the electro-optic (EO) probe tip 
892, and the other beam is sent to the pulse shaper 880 which produces a 
sequence of pulses, which in turn are sent to timing unit 841 for time scale 
calibration. The pulses returned from the EO probe tip 892 are modulated by the 
interaction between voltage from the DUT and the EO probe tip 892. These 
pulses are detected by polarizing optics 893 and sent to a Y-channel of DAQ 850. 
Accordingly, precision timing calibration is obtained in a similar manner as 
described for the OTDR of FIG. 12. 

The timing delay, scanning interval, and scanning frequency are set to the 
desired values by the stabilizer 830. For example, if it is desired to increase the 
scanning frequency by a factor of two (but not the scan range), then it is 
necessary to double the modulation frequency of the PZT in slave laser 820, and 
to increase the PZT scanning voltage by a corresponding amount. On the other 
hand, to increase the scan range without changing the scan frequency, one simply 
increases the PZT scanning voltage. The relative delay of the time sweep range 
is adjusted by the phase control of stabilizer 830. This flexibility of time scale 
adjustment is similar to that afforded by the delaying time base of a conventional 
oscilloscope. 

One could equally well use photoconductive sampling for this purpose. 
This has much higher sensitivity, however, the time resolution is limited to -2 
psec. 

The most widely used applications of short laser pulses and scanning 
delays have been in pump-probe measurements of physical, chemical, & 
electronic systems. However, the range of applications for this technology is 
increasing rapidly, and their introduction into commercial products beyond the 
scientific market, is imminent. The rapid scanning and time calibration 
techniques described here can be used in almost any application which utilizes 
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ultrafast laser pulses, because virtually all of these applications require some type 
of adjustable time delay between laser pulses. These applications include, but are 
not limited to, electo-optic testing of ultrafast electronic and optoelectronic 
devices characterization of charge dynamics in semiconductor materials and 
devices, all-optical signal processing photoconductive sampling, and various 
forms of time-resolved, nanometer probing. Additionally, there are a number of 
new applications being developed for terahertz beams to which these scanning 
methods could be applied including terahertz imaging, such as that disclosed by 
B.B. Hu et al., "Imaging with Terahertz Waves", Optics Letters, Vol. 20, No. 
| 16, August 15, 1995, pp. 1716-1719. Recently, ultrafast photodetectors have 

W become commercially available, whose speed (50 GHz, 10 psec FWHM) far 

j,.* outstrips the measurement capability of commercial sampling oscilloscopes, such 

t as New P° rt Cor P- Model #PX-D7, manufactured by Picometrix. Subpicosecond 

0 lasers and scanning delays are required to take full advantage of the speed of 

15 j* these detectors. Furthermore, the scanning method of the present invention, 

J because of its unusual versatility of scanning range selection, is especially 

nJ appropriate for submillimeter-resolution laser radar, and profiling of remote 

targets. The flexibility of the scan range adjustments makes the fast-scanning 
system analogous to the adjustable time base on an oscilloscope. 

The very high scan rate achievable with the fast-scanning methods 
described here, makes possible many new potential applications. The scan 
velocity parameter (see Tables 1-3) is a figure of merit which is particularly 
useful. Note that the scan velocities in Tables 1-3 range from 3 m/sec to 30,000 
m/sec. Thus, supersonic scan velocities are possible with the free-scanning or 
fast scanning techniques, making them potentially useful for studies of, or 
applications involving, laser-induced acoustic and photoelastic effects in solids and 
liquids, for example. Such applications are not practical using conventional 



20 



25 



-43 - 




scanning methods because it would be necessary to move the scanning mirror at 
sonic velocities in a physical delay system, which is unrealistic. 

The present invention has been described in connection with the preferred 
embodiments, and is not intended to be limited only to the above-described 
embodiments. Other modifications and variations to the invention will be 
apparent to those skilled in the art from the foregoing disclosure and teachings. 
Thus, while only certain embodiments of the invention have been specifically 
described herein, it will be apparent that numerous modifications may be made 
thereto without departing from the spirit and scope of the invention. 
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